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RELATED APPLICATION 

This application is a divisional of U.S. Application No. 09/995,079, filed on 

November 27, 2001, which claims the benefit of U.S. Provisional Application No. 

60/253,159, filed on November 27, 2000, the teachings of both which are incorporated 

herein in their entirety. 

BACKGROUND OF THE INVENTION 

Bipolar junction transistors (BJT) and heterojunction bipolar transistor (HBT) 
integrated circuits (ICs) have developed into an important technology for a variety of 
applications, particularly as power amplifiers for wireless handsets, microwave 

10 instrumentation, and high speed (>10 Gbit/s) circuits for fiber optic communication 
systems. Future needs axe expected to require devices with lower voltage operation, 
higher frequency performance, higher power added efficiency, and lower cost 
production. The turn-on voltage of a BJT or HBT is defined as the base-emitter voltage 
(V bc ) required to achieve a. certain fixed collector current density (JJ. The turn-on 

15 voltage can limit the usefulness of devices for low power applications in which supply 
voltages are constrained by battery technology and the power requirements of other 
components. 

Unlike B JTs in which the emitter, base and collector are fabricated from one 
semiconductor material, HBTs are fabricated from two dissimilar semiconductor 
20 materials in which the emitter semiconductor material has a wider band gap than the 
semiconductor material from which the base is fabricated. This results in a superior 
injection efficiency of carriers from the base to collector over BJTs because there is a 
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built in barrier impeding carrier injection from the base back to the emitter. Selecting a 
base with a smaller band gap decreases the turn-on voltage because an increase in the 
injection efficiency of carriers from the base into the collector increases the collector 
current density at a given base-emitter voltage. 
5 HBTs, however, can suffer from the disadvantage of having an abrupt 

discontinuity in the band alignment of the semiconductor material at the heteroj unction 
can lead to a conduction band spike at the emitter-base interface of the HBT. The effect 
of this conduction band spike is to block electron transport out of the base into the 
collector. Thus, electron stay in the base longer resulting in an increased level of 
10 recombination and a reduction of collector current gain. Since, as discussed above, the 
turn-on voltage of heteroj unction bipolar transistors is defined as the base-emitter 
voltage required to achieve a certain fixed collector current density, reducing the 
collector current gain effectively raise the turn-on voltage of the HBT. Consequently, 
further improvements in the fabrication of semiconductor materials of HBTs are 
15 necessary to lower the turn-on voltage, and thereby improve low voltage operation 
devices. 

SUMMARY OF THE INVENTION 

The present invention provides an HBT having an n-doped collector, a base 
fonned over the collector and composed of a m-V material that includes indium and 
nitrogen, and an n-doped emitter formed over the base. The HI-V material of the base 
layer has a carbon dopant concentration of about 1.5 x 10 19 cm" 3 to about 7.0 x 10 19 cm" 3 . 
In a preferred embodiment, the base layer includes the elements gallium, indium, 
arsenic, and nitrogen. The presence of nitrogen in the material and the high dopant 
concentration of the materials of the invention reduce the band gap and the sheet 
resistivity (R^of the material which results in a lower turn-on voltage. The HBTs of 
the present invention have a lower turn-on voltage than GaAs-based HBTs of the prior 
art. 



20 



25 
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In a preferred embodiment, the III-V compound material system can be 
represented by the formula G&j.JnJiSj^y. It is known that the energy-gap of 
Ga ; Jfo^As drops substantially when a small amount of nitrogen is incorporated into the 
material; Moreover, because nitrogen pushes the lattice constant in the opposite 
5 direction from indium, Ga y . x In y As ; . > N K> alloys can be grown lattice-matched to GaAs by 
adding the appropriate ratio of indium to nitrogen to the material. Thus, excess strain 
which results in an increased band gap and misfit dislocation of the material can be 
eliminated. The ratio of indium to nitrogen is thus selected to reduce or eliminate strain. 
In a preferred embodiment of the present invention, x = 3y in the Ga y Jta^As/.^ base 

10 layer of the HBT. 

In one embodiment, the transistor is a double heterojunction bipolar transistor 
(DHBT) having a base composed of a semiconductor material which is different from 
the semiconductor material from which the emitter and collector are fabricated. In a 
preferred embodiment of a DHBT, the Ga, Jfo^s,.^ base layer can be represented by 

15 the formula Ga^In^As;.^, the collector is GaAs and the emitter is selected from 
InGaP, AlInGaP and AlGaAs. 

Another preferred embodiment of the invention relates to a HBT or DHBT in 
which the height of the conduction band spike is lowered in combination with lowering 
of the base layer energy gap (E gb ). Conduction band spikes are caused by a discontinuity 

20 in the conduction band at the base/emitter heterojunction or the base/collector 

heterojunction. Reducing the lattice strain by lattice matching the base layer to the 
emitter and/or the collector layer reduces the conduction band spike. This is typically 
done by controlling the concentration of the nitrogen and the induim in the base layer. 
Preferably, the base layer has the formula Ga y Jta^As,.^ wherein x is about equal to 3y. 

25 In one embodiment, the base can be compositionally graded to produce a graded 

band gap layer having a narrow band gap at the collector and a wider band gap at the 
emitter. For example, a Ga, Jfo^Sy.^N,, base layer of a DHBT can be graded such that x 
and 3y are about equal to 0.01 at the collector and are graded to about zero at the 
emitter. The base layer can also be dopant graded such that the dopant concentration is 
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higher near the collector and decrease gradually across the thickness of the base to the 
base emitter heteroj unction. Methods of forming graded base layers are known to those 
skilled in the art and can be found on pages 303-328 of Ferry, et al., Gallium Arsenide 
Technology (1985), Howard W. Sams & Co., Inc. Indianapolis, Indiana, the entire 
5 teachings of which are incorporated herein by reference. 

Another method of minimizing the conduction band spike is to include one or 
more transitional layer between the heterojunction. Transitional layers having low band 
gap set back layers, graded band gap layers, doping spikes or a combination of thereof 
can be used to minimize the conduction band spike. In addition, one or more lattice- 

10 matched layers can be present between the base and emitter or base and collector to 
reduce the lattice strain on the materials at the heterojunction. 

The present invention also provides a method of fabricating an HBT and a 
DHBT. The method involves growing a base layer composed of gallium, indium, 
arsenic and nitrogen over an n-doped GaAs collector. The base layer is grown using an 

15 internal and external carbon source to provide carbon doped base layer. An n-doped 
emitter layer is then grown over the base layer. The use of an internal and external 
carbon source to provide the carbon dopant for the base layer results in a material with a 
higher carbon dopant concentration than has been achieved in the prior art. Typically, 
dopant levels of about 1.5 x 10 19 cm" 3 to about 7.0 x 10 19 cm" 3 are achieved using the 

20 method of the invention. In a preferred embodiment, dopant levels of about 3.0 x 10 19 
cm' 3 to about 7.0 x 10 19 cm* 3 are achieved with the method of the invention. A higher 
dopant concentration in a material reduces the sheet resistivity and band gap of the 
material. Thus, the higher the dopant concentration in the base layer of an HBT and 
DHBT, the lower the turn on voltage of the device. 

25 The present invention also provides a material represented by the formula 

Gay.Jhi^AS;.^ in which x and y are each, independently, about 1.0 x 10"^ to about 2.0 x 
10" 1 . Preferably, x is about equal to 3y. More preferably, x and 3y are about equal to 
0.01. The material is doped with carbon at a concentration of about 1 .5 x 10 19 cm" 3 to 
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about 7.0 x 10 19 cm' 3 . Preferably, the carbon dopant concentration is about 3.0 x 10 19 
cm' 3 to about 7.0 x 10 19 cm' 3 . 

The reduction in turn-on voltage allows for better management of the voltage 
budget on both wired and wireless GaAs-based RF circuits, which are constrained either 
5 by standard fixed voltage supplies or by battery output. Lowering the turn-on voltage 
also alters the relative magnitude of the various base current components in a GaAs- 
based HBT. DC current gain stability as a function of both junction temperature and 
applied stress has been previously shown to rely critically on the relative magnitudes of 
the base current components. The reduction in reverse hole injection enabled by a low 
10 turn-on voltage is favorable for both the temperature stability and long-term reliability 
of the device. Thus, strain free Ga 1 . x Ih x As 1 _ y N y base materials having a high dopant 
concentration enhance RF performance in GaAs-based HBTs and DHBTs. 



BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 illustrates a InGaP/GalnAsN DHBT structure of a preferred embodiment 
15 of the invention in which x is about equal to 3y. 

Fig. 2 is a Gummel plot which graphical illustrates the base and collector 
currents as a function of turn on voltage for an InGaP/GalnAsN DHBT of the invention 
and for an InGaP/GaAs HBT and a GaAs/GaAs BJT of the prior art. 

Fig. 3 is a graphical illustration of turn on voltage (at J c = 1.78 A/cm 2 ) as a 
20 function of base sheet resistance for an InGaP/GalnAsN DHBT of the invention and for 
an InGaP/GaAs HBT and a GaAs/GaAs BJT of the prior art. 

Fig. 4 illustrates the photo luminescence spectra measured at 77°K of an 
InGaP/GalnAsN DHBT of the invention and of an InGaP/GaAs HBT of the prior art, 
both with a nominal base thickness of 1000 A. Photo luminescence measurements were 
25 taken after etching off the InGaAs and GaAs cap layers, selectively stopping at the top 
of the InGaP emitter. The band gap of the n-type GaAs collector of both the 
InGaP/GaAs HBT and the InGaP/GalnAsN DHBT was 1.507 eV. The band gap of the 
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p-type GaAs base layer of the InGaP/GaAs HBT was 1.455 eV, whereas the band gap of 
the p-type GalnAsN base layer of the InGaP/GalnAsN was 1 .408 eV. 

Fig. 5 illustrates double crystal x-ray diffraction (DCXRD) spectra of a 
InGaP/GalnAsN DHBT of the invention and a InGaP/GaAs HBT of the prior art, both 
5 having a nominal base thickness of 1500 A. The positions of the base layers peaks are 
marked. 

Fig. 6 is a Polaron C-V profile which illustrates the carrier concentration across 
the thickness of the base layer in an InGaP/GalnAsN DHBT of the invention and an 
InGaP/GaAs HBT of the prior art. Both the InGaP/GalnAsN DHBT and an 
10 InGaP/GaAs HBT have a nominal base thickness of 1 000 A. Both Polaron profiles are 
obtained after selectively etching down to the top of the base layer. 

Fig. 7 illustrates a preferred InGaP/GalnAsN DHBT structure which has a 
transitional layer between the emitter and the base and a transitional layer and lattice 
matched layer between the collector and the base. 

1 5 DETAILED DESCRIPTION OF THE INVENTION 

The foregoing and other objects, features and advantages of the invention will be 
apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 

20 necessarily to scale, emphasis instead being placed upon illustrating the principles of the 
invention. 

A m-V material is a semiconductor having a lattice comprising at least one 
element from column IH(A) of the periodic table and at least one element from column 
V(A) of the periodic table. In one embodiment, the DI-V material is a lattice comprised 
25 of gallium, indium, arsenic and nitrogen. Preferably, the IH-V material can be 

represented by the formula Ga / Jn J As ; . y N J , wherein x and y are each, independently, 
about 1.0 x 10^ to about 2.0 x 10" 1 . More perferably, x is about equal to 3y. In a most 
preferred embodiment, x and 3y are about 0.01. 
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The term "transitional layer," as used herein, refers to a layer that is between the 
base/emitter heterojunction or the base/collector heterojunction and has the function of 
minimizing the conduction band spike of the heterojunction. One method of 
minimizing the conduction band spike is to use a series of transitional layers wherein 
5 the band gaps of the transitional layers gradually decrease from the transitional layer 
nearest in proximity to the collector to the transitional layer nearest in proximity to the 
base in a base/collector heterojunction. Likewise, in a emitter/collector heterojunction, 
the band gaps of the transitional layers gradually decrease from the transitional layer 
nearest in proximity to the emitter to the transitional layer nearest in proximity to the 

10 base. Another method of minimizing the conduction band spike is to use a transitional 
layer having a graded band gap. The band gap of a transitional layer can be graded by 
grading the dopant concentration of the layer. For example, the dopant concentration of 
the transitional layer can be higher near the base layer and can be gradually decreased 
near the collector or the emitter. Alternatively, lattice strain can be used to provide a 

15 transitional layer having a graded band gap. For example, the transitional layer can be 
compositionally graded to minimize the lattice strain at the surface of the layer in 
contact with the base and increase the lattice strain at the surface in contact with the 
collector or emitter. Another method of minimizing the conduction band spike is to use 
a transitional layer having a spike, in the dopant concentration. One or more of the 

20 above described methods for minimizing the conduction band spike can be used in the 
HBTs of the invention. Suitable transitional layer for the HBTs of the invention 
include GaAs, InGaAs and InGaAsN. 

A lattice matched layer is a layer which is grown on a material having a different 
lattice constant. The lattice matched layer typically has a thickness of about 500 A or 

25 less and conforms to the lattice constant of the under lying layer. This results in lattice 
strained which causes band gap deformation and results in a band gap intermediate 
between the band gap of the underlying layer and the band gap of the lattice matched 
material if it were not strained. Methods of forming lattice matched layers are known 
tho those skilled in the art and can be found in on pages 303-328 of Ferry, et al , 
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Gallium Arsenide Technology (1985), Howard W. Sams & Co., Inc. Indianapolis, 
Indiana. A preferred material for lattice matched layers of the HBTs of the invention is 
InGaP. 

The HBTs and DHBTs of the invention can be prepared using any metalorganic 
5 chemical vapor depostion (MOCVD) epitaxial growth system. Preferred MOCVD 
epitaxial growth systems are Aixtron 2400 and Aixtron 2600 platforms. In the HBTs 
and the DHBTs prepared by the method of the invention, typical, an un-doped GaAs 
buffer layer was grown after in-situ oxide desorption. A subcollector layer containing a 
high concentration of an n-dopant (e.g., dopant concentration about 1 x 10 18 cm" 3 to 

10 about 9 x 10 18 cm" 3 ) was grown at a temperature of about 700°C. A collector layer with 
a low concentration of a n-dopant (e.g., dopant concentration about 5 x 10 15 cm' 3 to 
about 5 x 10 16 cm' 3 ) was grown over the subcollector at a temperature of about 700°C. 
Preferably, the subcollector and the collector are GaAs. The subcollector layer typically 
had a thickness of about 4000 A to about 6000 A, and the collector typically had a 

15 thickness of about 3000 A to about 5000 A. In one embodiment, the dopant in the 
subcollector and/or the collector was silicon. Optionally, a lattice-match InGaP tunnel 
layer can be grown over the collector under typical growth conditions. A lattice- 
matched layer generally has a thickness of about 500 A or less, preferably about 200 A 
or less, and has a dopant concentration of about 1 x 10 16 cm" 3 to about 1 x 10 18 cm' 3 . 

20 One or more transitional layers can optionally be grown under typical growth conditions 
on the lattice-matched layer or on the collector if no lattice-match layer is used. 
Transitional layer can be prepared from n-doped GaAs, n-doped InGaAs or n-doped 
InGaAsN. Transitional layers optionally can be compositionally or dopant graded or 
can contain a dopant spike. Transitional layers typically have a thickness of about 75 A 

25 to about 25 A. The carbon doped GalnAsN base layer was grown over the collector if 
neither a lattice-matched or a transitional layer was used. Optionally, the carbon doped 
GalnAsN base layer can be grown over the transitional layer or over the lattice-matched 
layer if a transitional layer was not used. The base layer was grown at a temperature 
below about 750°C and was typically about 400 A to about 1500 A thick. In a preferred 



0717.2013-013 



-9- 

embodiment, the base layer was grown at a temperature of about 500°C to about 600°C. 
The base layer was grown using a gallium source, such as trimethylgallium or 
triethylgallium, an arsenic source, such as arsine, tributylarsine or trimethylarsine, an 
indium source, such as trimethylindium, and a nitrogen source, such as ammonia or 
5 dimethylhydrazine. A low molar ratio of the arsenic source to the gallium source is 
preferred. Typically, the ratio molar ratio of the arsenic source to the gallium source 
was less than about 3.5. More preferably, the ratio is about 2.0 to about 3.0. The levels 
of the nitrogen and indium sources were adjusted to obtain a material which was 
composed of about 0.01 % to about 20 % indium and about 0.01 % to about 20 % 

10 nitrogen. In a preferred embodiment, the indium content of the base layer was about 
three times higher than the nitrogen content. In a more preferred embodiment, the 
indium content was about 1 % and the nitrogen content was about 0.3 %. A GalnAsN 
layer having a low concentration of carbon dopant (e.g., 1 .0 x 10 19 cm" 3 or lower) has 
been achieved without the use of an external carbon source presumably because carbon 

15 is derived internally from the gallium source. In the present invention, a GalnAsN layer 
having a high carbon dopant concentration of about 1.5 x 10 19 cm' 3 to about 7.0 x 10 19 
cm" 3 was achieved by using an external carbon source in addition to the gallium source. 
The external carbon source used was carbon tetrabromide. Carbon tetrachloride is also 
an effective external carbon source. Optionally, one or more transitional layer can be 

20 grown of n-doped GaAs, n-doped InGaAs or n-doped InGaAsN between the base and 
the emitter. Transitional layers between the base and emitter are lightly doped (e.g., 
about 5.0 x 10 15 cm" 3 to about 5.0 x 10 16 cm" 3 ) and optionally contain a dopant spike. 
Preferably, transitional layers are about 25 A to about 75 A thick. An emitter layer was 
grown over the base, or optionally over a transitional layer, at a temperature of about 

25 700°C and is typically about 400 A to about 1500 A thick. The emitter layer was either 
InGaP, AlInGaP, or AlGaAs. In a preferred embodiment, the emitter layer was InGaP. 
The emitter layer was n-doped at a concentration of about 1.0 x 10 17 cm' 3 to about 9.0 x 
10 17 cm" 3 . An emitter contact layer GaAs containing a high concentration of an n-dopant 
(e.g., about 1.0 x 10 18 cm" 3 to about 9 xlO 18 cm' 3 ) was grown over the emitter at a 
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temperature of about 700°C. Typically, the emitter contact layer is about 1000 A to 
about 2000 A thick. A InGaAs layer with a ramped in indium composition and a high 
concentration of an n-dopant (e.g., about 5 x 10 18 cm" 3 to about 5 xlO 19 cm" 3 ) was grown 
over the emitter contact layer. This layer was about 400 A to about 1000 A thick. 
5 To illustrate the effect of reducing the band gap of the base layer and/or 

minimizing the conduction band spike* at the emitter/base heteroj unction, three different 
types of GaAs-based bipolar transistor structures were compared: GaAs emitter/GaAs 
base BJTs, InGaP/GaAs HBTs of the prior art, and InGaP/GalnAsN DHBTs of the 
invention. The InGaP/GalnAsN DHBT structures used in the following experiments is 

10 illustrated in Figure 1 . The prior art InGaP/GaAs HBTs are similar to the DHBTs in 
Figure 1 except that no indium or nitrogen was added to the base (x = y = 0). Thus, 
there is only one heteroj unction at the emitter/base interface since the base and the 
collector are both formed from GaAs. The GaAs base layer of the InGaP/GaAs HBT 
has a larger band gap than the base of the InGaP/GalnAsN DHBT. GaAs/GaAs BJTs 

15 have no heterojunctions since the emitter, collector and base are all made of GaAs. 
Thus, GaAs BJT structures are used as a reference to determine what impact, if any, a 
conduction band spike at the base-emitter interface has on the collector current 
characteristics of InGaP/GaAs HBTs. In the DHBTs of Figure 1, InGaP is chosen as the 
emitter material with the Ga^Ir^As^yNy base because InGaP has a wide band gap, and 

20 its conduction band lines up with the conduction band of the Ga^Ii^As^Ny base. 
Comparison of the DHBTs of Figure 1 and the HBTs of the prior art can be used to 
determine the effect on collector current density of having a base layer with a lower 
band gap. 

All of the GaAs devices used in the following discussion have MOCVD-grown, 
25 carbon-doped base layers in which the dopant concentration varied from about 1 .5 x 

10 19 cm" 3 to about 6.5 x 10 19 cm" 3 and a thickness varied from about 500 A to about 1500 
A, resulting in a base sheet resistivity (R^) of between 100 Q/square and 400 Q/square. 
Large area devices (L = 75 \im x75 ^m) were fabricated using a simple wet-etching 
process and tested in the common base configuration. Relatively small amounts of 
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indium (x ~ 1%) and nitrogen (y ~ 03%) were added incremental to form two separate 
sets of InGaP/GalnAsN DHBTs. For each set, growth has been optimized to maintain 
high, uniform carbon dopant levels (>2.5 x 10 19 cm" 3 ), good mobility (-85 cm 2 /V-s), and 
high dc current gain (>60 at R, b ~ 300 Q/square). 
5 Typical Gummel plots from a GaAs/GaAs B JT, an InGaP/GaAs HBT and an 

. InGaP/GalnAsN DHBT with comparable base sheet resistivities were plotted and 
overlaid in Fig, 2. The collector currents of the InGaP/GaAs HBT and GaAs/GaAs BJT 
were indistinguishable for over five decades of current until differences in effective 
series resistance impact the current-voltage characteristics. On the other hand, the 

10 collector current of an InGaP/GalnAsN DHBT was 2 fold higher than the collector 
current of the GaAs/GaAs BJT and the InGaP/GaAs HBT over a wide bias range, 
corresponding to a 25.0 mV reduction in turn-on voltage at a collector current density 
(J c ) of 1.78 A/cm 2 . The observed increase in the low bias base current (n = 2 
component) in the BJT is consistent with an energy-gap driven increase in space charge 

15 recombination. The neutral base recombination component of the base current in the 
InGaP/GalnAsN DHBT was driven higher than in the InGaP/GaAs HBT because of the 
increase in collector current as well as reduction in the minority carrier lifetime or an 
increase in the carrier velocity (I nbr = I^Jvr). InGaP/GalnAsN DHBT devices prepared 
to date have achieved a peak dc current gain of 68 for a device having a base sheet 

20 resistivity of 234 Q/square, corresponding to a decrease in tum-on voltage of 1 1 .5 mV, 
and a peak dc current gain of 66 for a device having a base sheet resistivity of 
303Q/square, corresponding to a decrease in turn-on voltage of 25.0 mV. This 
represents the highest known gain-to-base-sheet-resistance ratios ($/R sb ~ 0.2 - 0.3) for 
these types of structures. The energy-gap reduction in the Gte 1 . z In x As,_ y N y base, is 

25 responsible for the observed decrease in turn-on voltage, as demonstrated by low- 
temperature (77 °K) photoluminescence. DCXRD measurements indicate the lattice 
mismatch of the base layer is minimal (<250 arcsec). 

In the diffusive limit, the ideal collector current density of a bipolar transistor as 
a function of base-emitter voltage (V be ) can be approximated as: 
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J c = (qD^n/PbWb) exp (qV b AT) (1) 

where 

p b and w b base doping and width; 

D n diffusion coefficient; 

5 % intrinsic carrier concentration in the base. 

By expressing n^ as a function of base layer energy-gap (E gb ) and rewriting the product 
of base doping and thickness in terms of base sheet resistivity (R^), the turn-on voltage 
can be expressed as a logarithmic function of base sheet resistance 

V bc = -AIn [R sb ] + V 0 (2) 

10 with 

A = (kT/q) (3) 

and 

V^E^/q-CkT/cOInCqVHNA/Jc] (4) 
where N c and N v are the effective density of states in the conduction and valence bands 

15 and \i is the majority carrier mobility in the base layer. 

Fig. 3 plots the turn-on voltage at J c = 1.78 A/cm 2 as a function of base sheet 
resistivity for a number of InGaP/GaAs HBTs, GaAs/GaAs BJTs, and InGaP/GalnAsN 
DHBTs. The tuin-on voltage of both the InGaP/GaAs HBTs and the GaAs/GaAs BJTs, 
which do not have any conduction band spike, qualitatively exhibit the same logarithmic 

20 dependence on base sheet resistivity expected from equation (2). Quantitatively, the 
variation of base-emitter voltage (V be ) with base sheet resistivity is less severe than 
represented by equation (3) (A = 0.0174 instead of 0.0252 mV). However, this 
observed reduction in A is consistent with the quasiballistic transport through thin base 
GaAs bipolar devices. 

25 Comparison with the characteristics of GaAs/GaAs BJTs leads to the conclusion 

that the effective height of the conduction band spike InGaP/GaAs HBTs can be zero, 
with the collector current exhibiting ideal (n = 1) behavior. Thus, InGaP/GaAs HBTs 
can be engineered to have no conduction band spike. Similar results were found by 
previous work for AlGaAs/GaAs HBTs. To further lower the turn-on voltage for these 
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devices for a fixed base sheet resistivity requires the use of a base material with a lower 
energy gap but which still maintains the conduction band continuity. G^JnJiS^y can 
be used to reduce E gb while maintaining near lattice matching conditions. As seen in 
Fig. 3, the turn-on voltage of two sets of InGaP/GalnAsN DHBTs follows a logarithmic 
5 dependence on base sheet resistivity indicating that the conduction band spike is about 
zero. In addition, the turn-on voltage is shifted downward by 1 1 .5 mV in one set and by 
25.0 mV in the other set (dashed lines) from that observed for InGaP/GaAs HBTs and 
GaAs/GaAs BJTs. 

The above experiment shows that the turn-on voltage of GaAs-based HBTs can 

10 be reduced below that of GaAs BJTs by using a InGaP/GalnAsN DHBT structure. A 
low turn-on voltage is achieved through -two key steps. The base-emitter interface is 
first optimized to suppress the conduction band spike by selecting base and emitter 
semiconductor materials in which the conduction bands are at about the same energy 
level. This is successfully done using InGaP or AlGaAs as the emitter material and 

15 GaAs as the base. A further reduction in turn-on voltage was then accomplished by 
lowering the band gap of the base layer. This was achieved while still maintaining 
lattice matching throughout the entire HBT structure by adding both indium and 
nitrogen to the base layer. With proper growth parameters, a 2 fold increase in collector 
current density was achieved without sacrificing base doping or minority carrier lifetime 

20 (P = 68 at R sb = 234 Q/square). These results indicate that the use of a Ga^Jn^As,.^ 
material provides a method for lowering the turn-on voltage in GaAs-based HBTs and 
DHBTs. Since incorporation of indium and nitrogen in GaAs lowers the band gap of 
the material, larger reductions in turn-on voltage within GaAs based HBTs and DHBTs 
are expected as a larger percentage of indium and nitrogen is incorporated into the base 

25 if a high p-type doping concentration is maintained. 

The energy-gap reduction in the GalnAsN base, assumed to be responsible for 
the observed decrease in turn-on voltage, has been confirmed by low temperature (77°K) 
photoluminescence. Figure 4 compares photoluminescence spectra from an 
InGaP/GalnAsN DHBT and a conventional InGaP/GaAs HBT. The base layer signal 
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from the InGaP/GaAs HBT is at a lower energy than the collector (1.455 eV vs. 1.507 
eV) because of band-gap-narrowing effects associated with high-doping-levels. The 
base layer signal from the InGaP/GalnAsN DHBT which appears at 1.408 eV is reduced 
because of band-gap-narrowing effects and a reduction in the base layer energy gap 
5 caused by incorporation of indium and nitrogen in the base layer. In this comparison, 
the doping levels are comparable, suggesting the 47 meV reduction in the position of the 
base layer signal can be equated to a reduction in the base layer energy gap in the 
GalnAsN base as compared with the energy gap of the GaAs base. This shift in 
photoluminescence signal correlates very well with the measured 45 mV reduction in 

10 turn-on voltage. In the absence of a conduction band spike, the turn-on voltage 
reduction can be directly related to the decrease in base layer energy gap. 

The DCRXD spectra shown in Fig. 5 illustrates the effect of addition of carbon 
dopants and indium to a GaAs semiconductor. Figure 5 shows the DCRXD spectra 
from both an InGaP/GalnAsN DHBT and a standard InGaP/GaAs HBT of comparable 

15 base thickness. In the InGaP/GaAs HBT, the base layer is seen as a shoulder on the 
right hand side of the GaAs substrate peak, approximately corresponding to a position 
of +90 arcsecs, due to the tensile strain generated from the high carbon dopant 
concentration of 4 x 10 19 cm' 3 . With the addition of indium, the base layer peak is at - 
425 arcsec in this particular InGaP/GalnAsN DHBT structure. In general, the position 

20 of the peak associated with the GalnAsN base is a function of the indium, nitrogen, and 
carbon concentrations. The addition of indium to GaAs adds a compressive strain, 
while both carbon and nitrogen compensate with a tensile strain. 

Maintaining high p-type doping levels as indium (and nitrogen) are added to 
carbon doped GaAs requires careful growth optimization. A rough estimate of the 

25 active doping level can be obtained from a combination of measured base sheet 

resistivity and base thickness values. The base doping can also be confirmed by first 
selectively etching to the top of the base layer and then obtaining a Polaron C-V profile. 
Figure 6 compares such Polaron C-V doping profiles from a GaAs base layer and a 
GalnAsN base layer. In both case, doping levels exceeded 3 x 10 19 cm' 3 . 
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EQUIVALENTS 

While this invention has been particularly shown and described with references 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 



